Abstract: Water scarcity in arid regions can be addressed by using the virtual water concept in water resources management. This research used a compiled county-level input-output table to analyze virtual water flows for the Heihe River Basin in 2012 by applying a multi-regional input-output (MRIO) model. The results showed that the Heihe River Basin is a net virtual water exporter at a scale of 1.05 billion m 3 , which accounts for one third of the total amount of the basin's water resources. The midstream area of the basin imports 96.31% of virtual water (2.04 billion m 3 ) and exports 88.84% of virtual water (0.94 billion m 3 ). In contrast, the upstream and downstream parts have limited virtual water flows. The agricultural sector largely consumes water in each county; maize or wheat production accounts for approximately 50% of the total water consumption. For most sectors, the virtual water content from surface water is greater than that from groundwater. The ratio of virtual surface water to virtual groundwater ranges from 1.20 to 2.91. The results for the water stress index indicated that most counties experienced water stress due to maize production. Greater attention needs to be paid to the adaptation and assessment of virtual water strategies in arid regions.
Introduction
Arid land covers approximately 41% of the world's land surface. Water scarcity in arid and semi-arid regions has been severe [1] . In water-scarce regions, water resource sustainability, ecosystem health, and socio-economic development are dependent on water, which is the central determining factor [2] . To address water shortage issues, management interventions have been made. These interventions include water diversion projects (such as China's South-North Water Transfer), implementing the use of water-saving technology, industrial structure adjustments, and using virtual water strategies. Virtual water was defined by Allan (1997) as "the water embedded in internationally traded goods" based on economic theory [3] . According to virtual water principles, water-scarce regions with spatial mismatches in water and arable land availability can improve their food security by purchasing a portion of their food requirements through agricultural trade (thus acquiring virtual water) and cutting local food production (thus using less local water). A flourishing literature has been inspired on dealing with water scarcity through virtual water trade, whereas it is still under debate [4] [5] [6] .
To mitigate water stress, some researchers believe that food trade to increase virtual water in water-scarce regions is an efficient use of water resources [7, 8] . Different crop trades save or lose different volumes of blue and green water. Nevertheless, others have argued that the virtual water trade strategy as a solution to water scarcity is fallacious [6, 9] . In practice, producing grain in some arid regions has a competitive advantage over humid regions. Furthermore, virtual water flows have varied effects on water stress for the water-receiving regions and the water-exporting regions. The key to mitigate water stress is improving water use efficiency, whereas the efficiency benefits will be highly compensated by the increased water demand caused by developed economy.
Social equity and adaptability can in theory result in the allocation of virtual water. Virtual water use is highly unequal, and is almost completely explained by social development status rather than water scarcity [10] . Urbanization leads to a change in the requirements from industry, which in turn leads to changes in urbanization rates and urban poverty rates. In addition, if a country (or region) is scarce in water resources but rich in socio-economic resources, its social adaptability would lead to an industrial structure with relatively richer virtual water resources [11] . Agricultural water use dominates national water demands and cannot be completely compensated for virtual water transfers. Virtual water strategies can increase social transactions, which should give priority to guaranteeing people's purchasing power. The theory of comparative advantage in implementing virtual water strategy could be used to learn the economic attractiveness of virtual water import and export [12] . Moreover, the virtual water strategy implementation will reduce the pressure of ecological water shortage and thereby change the regional food production mode [1, 13] . In general, the agriculture sector largely consumed water resources with low water productivity, and the only feasible approach is to save water resources by improving the water use efficiency. On the other hand, agricultural water use can be saved by introducing the virtual water strategy and reasonably decreasing the agricultural land area, thus indirectly increasing the ecological water use. Seeking a balance between agricultural production and ecological conservation is of important value to guiding the ecological sustainability in the ecologically fragile water-scarce regions [13] . Virtual water concept brings global insights across countries for improving water and land management, fostering adaptation strategies to transboundary resource management.
Previous studies focused primarily on national-level and provincial-level virtual water issues. Only a few studies have addressed virtual water flows at the county level, and have addressed the feasibility of inter-basin virtual water strategies [6, 8] . Thus, the aims of this paper are to address this knowledge gap by: (1) assessing the virtual water flows at the county level, river basin level and sector level for the Heihe River Basin; (2) distinguishing between surface water and groundwater flows in virtual water import and export; and (3) evaluating the water stress status of the Heihe River Basin. This study will provide policy implications for water resources management from the perspective of virtual water and industrial structures in arid regions.
Study Area and Data

Study Area
The Heihe River Basin, located in the arid regions of Northwest China, is the second largest inland river basin in China with an area of 116,000 km 2 and a mean runoff of 2800 Mm 3 /a. The main stream of the Heihe River originates from the Qilian Mountain, which is mainly located in Qinghai Province. The river flows through the Hexi corridor of the Gansu Province and terminates in the Juyanhai Lake on the Inner Mongolia Plateau (Figure 1 ). The Heihe River Basin has been divided into upstream, midstream and downstream areas by the boundary lines of two hydrological stations (Yingluoxia and Zhengyixia). The historical mean annual precipitation declines sharply from approximately 338 mm in the upstream area to 127 mm in the midstream area, and 49 mm in the downstream area (China Meteorological Administration).
There are relatively abundant water resources in the upstream areas compared to the other two areas, especially the downstream area. Hills dominate the terrain in the upstream area, where animal husbandry is the main income source for farmers. The midstream area consists of broad, flat plains that are suitable for irrigated agriculture, which accounts for the majority of the water consumption in the basin. In contrast, the downstream area is mainly desert. Discharge in the downstream area has decreased significantly, and more than 30 tributaries, as well as the terminal lakes, have dried up. The Heihe River Basin is an exemplary region in China experiencing water scarcity. Rapid population growth, economic expansion, abrupt water exploitation, and irrational water allocation have accelerated ecological degradation over the last five decades [14] . 
Methods
Multi-Regional Input-Output Model
The multi-regional input-output (MRIO) model is a useful tool for capturing the economic relationships among different regions and sectors, and is based on the input-output (IO) table method formulated by Leontief. The MRIO model has the ability to trace the spatial transfers of ecological and environmental damage, and has been widely used to investigate virtual water footprints [15] [16] [17] . This study applies the MRIO model at the county level for the Heihe River Basin. In the MRIO table, the Heihe River Basin consists of 11 counties, and the sectors have been aggregated into 48 sectors. In the basic IO model, economic output can be expressed as the sum of intermediate consumption and final demand. The Leontief IO relationship is as follows:
where x is the vector of economic output, I represents the identity matrix, C is the direct IO coefficients matrix, and y is the vector of the final demand. The water resource is divided into groundwater and surface water in the IO table.
In this study, a MRIO model was employed to extend the standard IO matrix to a larger economy in which each sector in each county is assigned a separate row and column. Equation (1) can thus be generalized to include imports from other counties, as formulated in Equation (2):
. . .
. .
where x j indicates the total output of production and consumption in region j, y ij indicates each sector's output produced in region i and consumed in region j, and C ij reflects the intermediate consumption; each column denotes the input from each sector in region i required to produce one unit of output from each sector in region j. Virtual water flows (VW) are calculated as:
where k c is a row vector of water consumption per unit of sectorial output.
Water Stress Index
Water stress is defined as the ratio of total annual freshwater withdrawals to total freshwater availability. This paper adopts the water stress index (WSI) as defined by Pfister et al. (2009) and adjusts it for virtual water [18] . The WSI is expressed as:
where WC refers to water consumption. VW im is virtual water import, and VW ex is virtual water export. Q is renewable freshwater availability. Water stress is defined as moderate and extreme above a threshold of 0.4 and 0.8, respectively.
Data Sources
The IO table at the county level of the Heihe River Basin was compiled and cited from the research project "the National Natural Science Foundation of China (Grant No. 91325302)". The IO table on water consumption at the sector level for 11 counties was obtained by the combination of survey methods and non-survey methods. The IO technical coefficients of key sectors at the county level were determined by survey methods, while those of other sectors were adopted by provincial-level coefficients. Total output values of sectors were derived from the Statistics Yearbook in 2012. The volumes of surface water and groundwater were collected from the Bulletin of first national census for water, which was conducted by the Ministry of Water Resources.
Results and Discussion
Virtual Water Import and Export at the County Level
The agricultural sector consumed the largest amount of water in each county in the Heihe River Basin ( Table 1 ). The water consumption of the secondary and tertiary industries was less than that of agricultural production. Water consumption structures at the county level in 2012 showed that regions with grain production had high levels of water consumption; corn or wheat production accounted for the largest proportion (almost 50%) of total water consumption. For example, the water use for corn production in Ganzhou County accounted for 54.53% (449.07 million m 3 ) of total water consumption, while the proportion of consumption for wheat was 44.58% (66.64 million m 3 ) in Shandan County. The water consumption results can be captured in consumption coefficients for each sector. The coefficients in the agricultural sector of Zhangye city (including Ganzhou, Sunan, Minle, Linze, Gaotai and Shandan Counties) was 0.15 m 3 /yuan in 2012, which was 0.05 m 3 /yuan higher than that of Jiayuguan County, and 0.02 m 3 /yuan higher than that of the national level for China in 2002 [19] . In this study, the MRIO model was applied to quantify the amount of imported and exported virtual water at the county level for the Heihe River Basin in 2012 (Figure 2 ). The total amount of virtual water imported into the Heihe River Basin was 1.06 billion m 3 , and the total amount of virtual water exported was 2.11 billion m 3 . Thus, the Heihe River Basin is a net virtual water exporter of 1.05 billion m 3 , accounting for 1/3 of the total water resources in this region. Qilian, Ejina, and Jiayuguan Counties are the primary importing counties, while Ganzhou, Sunan, and the remaining counties are the virtual water exporting counties. Table 2 presents the details for the amounts of imported and exported virtual water at the county level for the Heihe River Basin. Ganzhou County stands out as the county which contributed significantly to both imported (0.20 billion m 3 ) and exported virtual water (0.47 billion m 3 ). The inter-county virtual water flows in the basin showed that the top three exporters of virtual water are Ganzhou, Linze and Gaotai Counties with amounts of 0.91, 0.71 and 0.66 million m 3 , respectively. The largest receiver of virtual water from other counties was Suzhou County (1.13 million m 3 ). Ganzhou County was the next biggest receiver of virtual water (0.92 million m 3 ) from counties within the basin. The key to mitigating severe water consumption in the Heihe River Basin is to adjust industry structures, and thus to optimize water consumption structures. Virtual water import implies increased water availability and might be one way to alleviate regional water stress. In contrast, the export of virtual water indicates increased water consumption, which contributes to water stress on local water resources [20, 21] . A previous study on water consumption in the Hetao irrigation district showed that the export of virtual water contributed more pressure to water scarcity than local production [22] . The inter-basin virtual water flows (blue water) indicated that the total amount of virtual water imported into the Heihe River Basin was 4.29 million m 3 and total virtual water exported from the basin was 4.26 million m 3 ( Table 2 ). This indicates that there was 0.03 billion m 3 of virtual water imported specifically through inter-basin transfers. This reinforces our observation that inter-regional trade makes little contribution to alleviating water stress in water-scarce regions.
The Heihe River Basin was divided into three areas: upstream, midstream and downstream. Each area has distinct characteristics in terms of water resources, economic structure, household income and consumption patterns ( Table 3 ). The upstream area (Qilian County) had small virtual water flows to and from the rest of the basin (Figure 3) . In this area, the vegetation has been seriously degraded by deforestation, overgrazing, and grassland reclamation since the 1950s. The glacier area in the Heihe River Basin has decreased by 29.6% over the past 50 years [23] . The midstream area, which covers most areas of Ganzhou, Sunan, Minle, Linze, Gaotai, Shandan, Suzhou, Jinta and Jiayuguan Counties, exported 96.31% of virtual water (2.04 billion m 3 ) to outside the basin, and imported 88.84% of their virtual water (0.94 billion m 3 ) from outside the basin. Rapid agricultural development accounted for increased water consumption in the midstream area of runoff from the mountainous areas. In the Heihe River Basin, the agricultural land increase of 75 million m 2 lead to the increasing water consumption of about 5 million m 3 . As a consequence of rapid agricultural development, both water use patterns and land use types underwent dramatic changes [14] . As with the upstream area, the downstream area (Ejina County) also had limited virtual water flows. The amount of physical water entering the downstream area decreased significantly from the 1950s to the 2000s as a result of the large expansion of irrigated farmlands in the midstream area. Figure 4 shows the virtual water flows at county level by sector in the Heihe River Basin (only amounts above 1.5 million m 3 are shown). Of the 48 aggregated sectors, only 23 revealed both the import and export of virtual water. When all the counties were considered, the sectors with the highest virtual water import and export were the food manufacturing and tobacco processing industries in Jiayuguan County with 73.57 and 119.33 million m 3 , respectively, while the sector with the lowest virtual water import and export for all counties was the textile industry with 1.44 and 0.20 million m 3 , respectively. The sectors mainly responsible for virtual water import are the chemical industry, accommodation and catering, the food manufacturing and tobacco processing industries, and the metal smelting and rolling processing industries (Figure 4a ). In contrast, the sectors that mainly export more virtual water than they import are maize production; the textile industry; transportation and warehousing; and textiles, clothing, shoes and hats, leather down and its products (Figure 4b ). In Ganzhou County, maize production dominated the largest contributor to the regional water stress, with a net virtual water export of 11.04 million m 3 . The studies on virtual water at the sector level inhibited that food and agriculture are crucial sectors affecting virtual water trade inter-regionally [24] . The service sector's influence on water stress varied from county to county. For instance, the virtual water export by leasing and business services in Suzhou and Jiayuguan Counties was around 16.00 million m 3 , while the virtual water import in Jiayuguan County (31.34 million m 3 ) was almost triple that of Suzhou County (11.19 million m 3 ) . The leasing and business services sector in Jiayuguan County were presented to relieve the water shortage. Overall, the Heihe River Basin imported a small portion of virtual water (raw and processed food products) during the 10 years from 1997 to 2007 [25] .
Virtual Water Flows by Sector
Most previous assessments of global water resources have focused on surface water. However, humans are overexploiting groundwater in many large aquifers that are critical to agriculture, especially in Asia and North America [26] . Figure 4 also provides virtual water flows by distinguishing between surface water and groundwater. Clearly, almost all the sectors experienced more virtual water flows from surface water than that from groundwater, with the ratio of surface water to groundwater virtual water ranging from 1.20 to 2.91. An exception was the wood processing and furniture manufacturing sector in Suzhou County, where virtual water flows from groundwater exceeded those from surface water. This is possibly a result of Suzhou county having the highest utilizable groundwater resources (about 0.25 billion m 3 ) among all the counties. However, it should be noted that more than 50% of groundwater has been seriously degraded as a result of the overuse of fertilizers and pesticides [27] . The discharge of high-concentrated pollution to surface flows from intensively pollution-generating production sectors (e.g., paper, chemicals, and textiles) has led to many major rivers in North China no longer being able to support any type of beneficial use because of their poor water quality. Water consumption in different sectors damaged water quality to some extent, which is vital for water-scarce regions. Policy about industry structure adjustment suggested that the sectors affecting water quality and consuming large amounts of water should be transferred to less-polluted and less-consumed sectors.
Water Stress and Virtual Water Strategy
Physical and virtual water use varied in different streams of the Heihe River Basin. The WSI formula was modified to accommodate virtual water flows. The results showed that physical water use, virtual water net imports, and renewable freshwater availability were the main causes of changes in water stress. Incorporating virtual water flows into water stress analysis permits a better understanding of what is causing water stress. Most of the 11 counties in the Heihe River Basin have experienced water stress, and had WSI values >0.4 in 2012 (Table 4 ). The areas with extremely high water stress included Sunan and Jiayuguan counties in the midstream area, and Qilian County in the upstream area. The WSI values for Sunan, Jiayuguan and Qilian counties were 3.02, 2.17 and 1.69, respectively. However, Ejina County in the downstream area did not experience water stress and had a WSI value of 0.09. In fact, the physical water consumption and net virtual water import in the upstream and downstream areas were similar. This indicates that the large difference in water stress is driven by renewable freshwater availability (Table 4) . National-level studies on virtual water have revealed that several economically advanced provinces, such as the cities of Beijing, Tianjin, Shandong, Shanghai, Zhejiang and Guangdong, have imported huge amounts of virtual water from outside to alleviate their water stresses [15, 28, 29] . This is especially applicable to the city of Beijing. Other researchers found that virtual water was exchanged and traded from arid regions to wet regions, and from north to south [24, 30] . However, only about 5% of the total available water use can be attributed to net virtual water flows in north China [30] . Moreover, surface water has been polluted by highly polluting production sectors (e.g., paper, chemicals and textiles), and groundwater has been seriously degraded by agricultural activities. Thus, groundwater over-exploitation in the midstream areas of the Heihe River Basin should be highly valued.
From the viewpoint of water resource characteristics, water not only has natural properties, but also possesses socio-economic and ecological properties. Information about water scarcity only considers the water supply aspect, and neglects the water demand aspect [15, 31] . That said, industrial structure's effect on water demand should be considered. Agricultural irrigation has a large water demand, while service industries need less water. Much research has been done on virtual water trade for relieving water stress [32] [33] [34] [35] . However, the application of virtual water strategies to improve water use efficiency was challenged due to comprehensive capacities of economic level, social equity, infrastructural construction, and potential eco-environmental effect.
Conclusions
Multi-regional, input-output (MRIO) model at the county level for the Heihe River Basin was applied to analyze virtual water import and export in 2012. In total, the Heihe River Basin is a net virtual water exporter at a scale of 1.05 billion m 3 , accounting for one third of the total amount of water resources. The upstream and downstream areas of the basin had limited virtual water flows to and from the rest of the basin. However, the midstream exported 96.31% of virtual water to outside the basin, and imported 88.84% of virtual water from outside the basin. Ganzhou County accounted for the largest virtual water import and export (0.20 and 0.47 billion m 3 , respectively). The top three exporters of inter-basin virtual water flows were Ganzhou, Linze and Gaotai Counties, and the amount of water exported was 0.91, 0.71 and 0.66 million m 3 , respectively. Corn or wheat production in the agricultural sector accounts for the biggest proportion (almost 50%) of total water consumption by sector. For most of the sectors, the virtual water content from surface water is greater than that from groundwater; the ratio of virtual surface water to virtual groundwater ranges from 1.20 to 2.91. The food manufacturing and tobacco processing industry had the highest amount of imported and exported virtual water (119.33 and 73.57 million m 3 , respectively). In contrast, the textile industry had the lowest amount of virtual water import and export (1.44 and 0.20 million m 3 , respectively).
Maize production was the largest contributor to regional water stress. Most counties in the Heihe River Basin experienced water stress, and extremely high water stresses occurred in the Sunan, Jiayuguan and Qilian Counties with WSI values of 3.02, 2.17 and 1.69, respectively. Further studies on the application of virtual water strategies in arid regions should take into consideration the comprehensive capacity of economic levels, social equity, infrastructural construction and potential eco-environmental effects.
